Stereotactic radiosurgery for large brain metastases (BM) not amenable to surgical resection is associated with limited local control and neurotoxicity, while hypofractionated stereotactic radiotherapy (HFSRT) has emerged as a promising option. We retrospectively evaluated 61 patients with BM larger than 2 cm in the maximum diameter, who were treated with HFSRT (mainly 35 Gy/5 fractions) in our center between 2006-2016, focusing on the effect of BM size on outcomes. Eligible patients were divided according to the maximum BM diameter (group A [23 patients]: ≥3 cm, group B [22 patients]: <3 cm) to assess the relationship between tumor size and prognosis or safety. The primary outcome was the local control rate (LCR), and secondary outcomes were the response rate (RR), brain progression-free survival (BPFS), median survival time (MST), and radionecrosis (RN). Univariate and multivariate analyses for LCR were conducted using Cox's proportional hazards model. In the 45 eligible patients (58 lesions) enrolled in this study, the RR was 86.4% with an overall LCR of 64.7% at 12 months (67.1% for group A and 61.5% for group B [p = 0.45]). The median BPFS and MST were 11.6 and 14.2 months, respectively. Univariate analyses revealed that female patients and gynecological cancer patients had poorer LCR, but they were not significantly independent prognostic factors (p = 0.06, 0.09, respectively). Two patients (4.4%) experienced RN that was detected more than 4 years after HFSRT. We conclude that HFSRT is safe for large BM but further studies are needed to determine optimal doses and fractions.
INTRODUCTION
Stereotactic radiosurgery (SRS) or stereotactic radiotherapy (SRT) are useful options for treating patients with brain metastases, and several randomized controlled trials have confirmed their efficacy. [1] [2] [3] [4] [5] [6] [7] However, most of those trials included tumors with a maximum diameter of 3 cm. The RTOG 90-05 trial revealed that larger tumors were associated with limited local control and a higher risk of neurotoxicity. 8 In general, patients with a single large metastasis and good expected survival are recommended for surgical treatment and postoperative radiotherapy. 2, 7, 9, 10 However, the optimal treatment is unclear if the case is considered inoperable, with available options including whole-brain radiotherapy (WBRT), SRS/SRT, and/or chemotherapy. Some recent retrospective studies have demonstrated that hypofractionated SRT (HFSRT) is a reasonable option for unresectable large tumors, relative to single-fraction SRS, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] although those studies included variable doses and fractions. Nevertheless, HFSRT may cause less brain radionecrosis (RN) than single-fraction SRS, while still maintaining local tumor control. 12, 14, 16 In 2006, our center began providing HFSRT using helical tomotherapy (HT; TomoTherapy Hi-Art system, Accuray Inc., Sunnyvale, CA) for brain metastases, and we have previously reported our protocol with early clinical results. 24 This retrospective study aimed to evaluate the efficacy and safety of HFSRT for large brain metastases.
MATERIALS AND METHODS

Patient selection
Between July 2006 and September 2016, 61 patients with one or two brain metastases with at least one lesion larger than 2 cm in the maximum diameter underwent HFSRT at our institution. To assess the presence of extracranial lesions and the control situation before treatment, all patients provided a blood sample for laboratory testing, and underwent computed tomography (CT) from their head to their abdomen, as well as enhanced brain magnetic resonance imaging (MRI). The exclusion criteria were: (1) no available head MRI and/or CT results after HFSRT, (2) prior brain radiotherapy or surgery, (3) combination with WBRT, and (4) brainstem metastases. The present study's retrospective protocol was approved by our institutional review board (2017-1-058), and all patients provided written informed consent before their treatment.
Radiation therapy
Patients were immobilized in the supine position with a head shell before undergoing enhanced CT. A slice thickness of 2.5 mm was used before March 2015, although this was subsequently changed to 2.0 mm. The target volumes and organs at risk were contoured using Pinnacle 3 workstation (Philips Medical Systems, Andover, MA) and MIM Maestro (MIM Software Inc., Beachwood, OH). The clinical target volume was considered the gross tumor volume (GTV), which was defined based on enhanced lesions that were detected during MRI. The planning target volume (PTV) was set as the clinical target volume plus a 2-mm margin in all dimensions. The prescription dose was 35 Gy in 5 fractions, and routinely assigned to the 90% isodose surface used for PTV coverage of 95%, normalized to 100% of the dose at the maximum dose point (Dmax). The dose calculation grid size was 2.0 mm. All patients were treated using HT. The treatment isocenter was around the geometrical center of the cranium, not related to the target lesions. In cases where patients who had two lesions, we planned to meet the 90% isodose surface for each PTV coverage of 95%, and confirmed this with DVH analyses. All patients started treatment after setup verification using daily megavoltage CT acquisitions. 24 Their setup positions were all corrected by the initially calculated error value. After each irradiation finished, the actual setup error value was calculated to ensure it was within the setup margin of 2.0 mm.
Assessment
Treatment response was evaluated using enhanced MRI and judged based on the revised Response Evaluation Criteria in Solid Tumors. The MRI evaluations were scheduled for before treatment, 2-3 months after the treatment, and then every 3-4 months until treatment failure or death. Complete response (CR) was defined as the disappearance of all target lesions. Partial response (PR) was defined as ≥30% decrease in the sum of the target lesions' diameters, and progressive disease (PD) was defined as ≥20% increase in those diameters compared to the smallest diameters from treatment. Stable disease (SD) was defined as insufficient changes to qualify as PR or PD. 25 Non-PD (CR, PR, and SD) response was defined as locally controlled. For patients with 2 lesions, they were not considered to be locally controlled unless both lesions were controlled. We also evaluated the actual target volume during the enhanced MRI follow-ups. Adverse events were classified according to version 4.0 of the Common Terminology Criteria for Adverse Events.
Statistical analysis
To assess the efficacy of HFSRT for large lesions, we divided the patients according to the maximum diameter of their largest lesions (group A: ≥3 cm vs. group B: <3 cm). The primary outcome was local control rate (LCR). The secondary outcomes were median survival time (MST), response rate (RR), distant brain metastases (DBM), and intracranial recurrence. The Kaplan-Meier method with the log-rank test was used to compare LCR and survival time. The RR was calculated as the sum of patients who achieved CR, PR, and SD divided by the total number of patients. Intracranial recurrence included local recurrence and DBM. In a univariate analysis, factors of sex (male vs. female), age (≥65 years vs. <65 years), ECOG performance status (PS; 0 vs. 1-2), Karnofsky performance status (KPS; ≥70 vs. <70), maximum tumor length (≥3 cm vs. <3 cm), controlled primary tumor (yes vs. no), systemic metastases (yes vs. no), number of brain metastases (single vs. multiple), and histological status were evaluated. Variables with p values less than 0.15 were further assessed using Cox's proportional hazards model in a multivariate analysis. Statistical significance was defined as p <0.05. All statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R software (version 2.13.0; The R Foundation for Statistical Computing, Vienna, Austria). 26 
RESULTS
Patient and treatment characteristics
All patients completed the planned HFSRT schedule without delay or discontinuation. Imaging follow-up was performed in 45 patients, with a total of 58 lesions. The remaining 16 patients did not undergo follow-up imaging due to early death within 2 months (n=9) or were lost to followup imaging (n=7). At the last follow-up, 7 patients (15.6%) were alive, 34 patients (75.6%) had died, and 4 patients (8.9%) were lost to follow-up. The median follow-up period for all patients was 11.3 months (range: 1.7-93.9 months), and the median follow-up period among patients who had not died was 15.2 months (range: 6.9-93.9 months). The eligible patients underwent a median number of three MRI evaluations (range: 1-37 times). Table 1 shows the patients' baseline characteristics. The median GTV for all lesions was 7.2 mL (range: 0.1-115.4 mL), and large lesions had a median GTV of 19.3 mL (range: 6.21-115.4 mL). Twenty-three patients (51.1%) had large lesions (≥3 cm) and 8 patients (17.8%) had lesions with a diameter of ≥4 cm. A single metastasis was detected in 32 patients (71.1%) and 15 patients had multiple lesions. The only significant inter-group difference was maximum tumor length (p < 0.001). Thirty-one patients (68.9%) were treated using a dose of 35 Gy in 5 fractions. Two larger tumors (≥45 mm) were treated using a dose of 35-38.5 Gy in 7 fractions, and 12 lesions near the brainstem were treated using a dose of 30-33 Gy in 5 fractions.
Treatment outcomes
The first radiological evaluation revealed a CR rate of 2.2%, a PR rate of 73.3%, an SD rate of 11.1%, and a PD rate of 13.3%. The RRs were 86.7% overall, 87.0% in group A, and 86.4% in group B (p = 0.97). The LCR values at 6/12 months were 85.4%/64.7% among all patients, 85.2%/67.1% in group A, and 85.6%/61.5% in group B (Fig. 1A ., p = 0.46). The BPFS values at 12 months were 54.6% in group A, and 36.9% in group B (Fig. 1B , p = 0.10). The MST was 15.0 months in group A (95% CI: 7.0-25.2 months) and 13.7 months in group B (95% CI: 6.0-21.8 months) (Fig. 1C , p = 0.95). Table 2 shows the result of univariate analysis for local control. The variables of sex (male vs. female) and histological status (gynecological vs. others) had a p value of <0.15, and were further assessed in a multivariate analysis. Using multivariate analyses, female patients and gynecological cancer patients had relatively poorer LCR, but the difference was not significant (male vs. female: p = 0.06, gynecological cancer vs. others: p = 0.09).
Univariate and multivariate analyses
Recurrence and salvage treatment
Intracranial recurrence was detected for 29 patients (64.4%), including 6 patients with PD who were treated using salvage surgery followed by SRT (1 patient), WBRT (1 patient), or other supportive care (4 patients). Fifteen patients developed local recurrence (A: 8 patients, B: 7 patients), 15 patients developed DBM (A: 6 patients, B: 9 patients), and 7 patients experienced both forms of recurrence (A: 3 patients, B: 4 patients). The cumulative local recurrence rates among all patients were 13.5% at 6 months and 27.2% at 12 months. The local recurrence rates at 12 months were 27.2% in group A and 27.3% in group B (p = 0.72). The DBM rates at 12 months were 13.3% in group A and 27.3% in group B (p = 0.32). Table 3 shows the sites of recurrence and salvage treatments. Six patients, including 1 patient with PD, underwent surgery and 15 patients underwent reirradiation (11 patients underwent SRS/SRT and 4 patients underwent WBRT). The second SRS/SRT was performed for 3 local recurrences and 8 distant metastases. All patients who underwent surgery achieved successful salvage, and the MST from salvage surgery was 16.3 months (range: 10.3-77.3 months). Some 
Adverse events
There were no patients who had grade 3 or higher acute toxicities. As for late toxicities, 2 patients were suspected of local recurrence or RN based on their symptoms, MRI, and methionine positron emission tomography (PET). One patient underwent resection and RN diagnosis 6 years after the HFSRT. Her primary lesion was breast cancer, and she had 2 brain metastases (GTV = 7.56 mL and 1.99 mL), which were irradiated with 32.5 Gy in 5 fractions. The volume receiving >20 Gy (V20Gy) was 40.8 mL. The other patient was diagnosed with RN 5 years after the HFSRT (30 Gy in 5 fractions). Her primary lesion was breast cancer, and she had 2 brain metastases (GTV = 20.2 mL and 0.53 mL). V20Gy was 112.3 mL. Their symptoms subsequently improved after resection and they remain alive. There were no other RN or severe late toxicities observed in this study.
DISCUSSION
As modern systemic therapies (including chemotherapy, molecular targeted therapy, or immunotherapy) improve the control of extracranial lesions and survival, SRS/SRT for brain metastases requires local control and safety more than before. Although there is good evidence supporting the use of SRT for small brain tumors, few trials have evaluated SRT for large lesions. 9 Several researchers have indicated that safe and effective local control can be achieved using HFSRT for large tumors, [11] [12] [13] [15] [16] [17] [18] 23 although the optimal doses and fractionation remain unclear, as they are heavily influenced by institutional practice and patient preference ( Table 4 ). Most recent studies have used 3 cm as the diameter cut-off value for defining large tumors. 11, [16] [17] [18] [19] [20] 22, 23 Ernst-Stecken et al treated 51 patients (72 lesions that were >3 mL) using HFSRT (30-35 Gy in 5 fractions), and achieved good RR and LCR results. 11 Although their phase 2 trial included 29 patients who underwent prior WBRT, the severe toxicity rate was not high. Interestingly, the median volume receiving >4 Gy per fraction (V4Gy) was significantly correlated with RN, as only 14% of patients with a V4Gy of <23 cc developed RN, whereas 70% of patients with a V4Gy of >23 cc had MRI-detectable RN. 11 Kim et al retrospectively compared SRS versus HFSRT for tumors >5 mL, and reported that the HFSRT group (36 Gy in 6 fractions) exhibited a similar SRS: stereotactic radiosurgery, SRT: stereotactic radiotherapy, WBRT: whole-brain radiotherapy, BSC: best supportive care.
LCR with a lower risk of toxicity than the SRS group (20 Gy in a single fraction), despite the HFSRT being used for larger lesions. 12 Minniti et al also retrospectively compared SRS versus HFSRT for tumors >2 cm, and reported that HFSRT (27 Gy in 3 fractions) was used for larger tumors rather than SRS (15) (16) (17) (18) , and that the HFSRT group had significantly better LCR and RN rates. 14 Kocher et al demonstrated that adjuvant WBRT after SRS reduced the rates of intracranial relapse and neurological death. 2 However, SRS plus WBRT did not improve overall survival and was associated with a higher risk of significant decline in neurocognitive function than SRS alone. 5, 6 The present study compared the intracranial control rate for HFSRT alone, among patients with large lesions (group A) or small lesions (group B), but failed to detect significant differences in the 1-year BPFS or MST. In this study, none of the 8 patients who underwent salvage SRT for DBM developed severe toxicities, suggesting that cases of DBM after HFSRT could be safely managed using salvage SRT.
Previous studies have indicated that HFSRT for large brain tumors provided RN rates of 0-39.2%. 11, 12, [14] [15] [16] [17] [18] [19] [20] [21] In addition, two retrospective studies have indicated that HFSRT has a lower rate of RN than SRS, with Minniti et al reporting rates of 8% for HFSRT and 20% for SRS 14 and Kim et al reporting rates of 0% for HFSRT (36 Gy in 6 fractions) and 6.9% for SRS. 12 In the present study, only 2 patients (4.4%) developed RN years after HFSRT. Hence, long-term survivors, such as breast cancer patients, should be carefully followed with monitoring of cranial symptoms and imaging studies.
The present study has three important limitations. The first limitation is its retrospective Fr: fractions, MTV: median target volume, MST: median survival time, LCR: local control rate, RN: radionecrosis, IDS: isodose surface single-center design, with variable frequency of post-treatment MRI evaluations (median: 3 times, range: 1-33 times). The second limitation is that we did not conduct a competing risk analysis in our study. This could bias the Kaplan-Meyer estimate. The third limitation is that our HFSRT plans adopted higher % isodose surface for target coverage (90% isodose for PTV coverage) than that of regular SRS/SRT plans (70-80% isodose for target coverage). This was related to the lower center dose of PTV and might have resulted in relatively lower LCRs than those of regular SRS/SRT plans for large BM. Further studies are needed to determine the optimal doses, fractions, and dose distribution (target dose heterogeneity).
CONCLUSION
In conclusion, HFSRT can be considered a safe treatment for brain metastases larger than 2 cm given the low rate of RN associated with this method.
